Glucose-6-phosphate dehydrogenase (G6PD) is a ubiquitous enzyme that supplies the cell with NADPH required for a variety of reductive reactions and biosynthetic processes. Therefore, the gene G6PD, located in mammals on the X chromosome, that specifies G6PD can be regarded as a typical housekeeping gene. We have investigated the expression of human G6PD in eight different fetal and adult tissues by determining the level of enzyme activity, the level of G6PD mRNA, and the methylation pattern of the 3' end of the gene, for which we have nucleic acid probes. By combining sequence information with results of Southern blot analysis of DNA samples digested with the methylation-sensitive restriction enzyme Hpa U, we have identified five specific sites that are unmethylated in all tissues examined, a number of sites that are uniformly methylated, and a number of sites that are sometimes methylated. A subset of Hpa H sites, designated on our restriction map as H37-H55, exhibit positive correlation between degree of methylation, level of mRNA, and level of G6PD activity. A comparison of these methylation patterns with those we previously have observed in the G6PD gene on the inactive X chromosome [Toniolo, D., D'Urso, M., Martini, G., Persico, M. G., Tufano, V., Battistu, G. & Luzzatto, L. (1984) EMBO J. 3, 1987EMBO J. 3, -1995 indicates that different sites are associated with X-inactivation and with the regulation of G6PD on the active X chromosome. We conclude that this housekeeping gene is subject to tissue-specific transcriptional regulation, which in turn correlates with methylation of specific sites located at and near the 3' end of the gene.
The mode of expression of eukaryotic "housekeeping" genes must differ markedly from that of genes specifying tissuespecific differentiation products (1) . Methylation of certain residues in DNA may be involved in regulation of expression of differentiation genes (2-4), but we do not yet know whether methylation is relevant to the regulation of housekeeping genes, such as G6PD, the gene coding for glucose-6-phosphate dehydrogenase (G6PD) (see ref. 5) . We have shown recently that in human leukocyte DNA the 3' end of G6PD is extensively methylated, but we have identified a few individual sites that are specifically unmethylated (6) . Since different levels of G6PD have been found in different mammalian tissues (5, 7) , we can ask whether their G6PD DNA is associated with different methylation patterns. Here we show that the extent of methylation of certain cytidine residues near the 3' end of G6PD correlates with the level of G6PD mRNA and with the level of G6PD activity.
MATERIALS AND METHODS
Human Tissues. Samples of solid tissues were obtained postmortem (maximum 24 hr) from males aged 10 months tc 42 yr (by courtesy of D. Hopkinson, Medical Research Council Human Biochemical Genetics Unit, Galton Laboratories, University College, London) and from male fetuses aborted at 19-24 weeks by prostaglandin induction (by courtesy of S. Lawler and T. Wong, Royal Marsden Hospital, London). Organs were washed, fragmented, washed again thoroughly with Pi/NaCl (0.15 M NaCl/5 mM phosphate, pH 7.4) to remove blood, and kept at -80'C for -30 days.
No decay of G6PD activity was observed under these conditions. Blood cells were obtained from normal volunteers (22- 50 yr old). Procurement of all samples was cleared through the Medical Ethics Committee of the Royal Postgraduate Medical School.
Fractionation of Peripheral Blood Leukocytes. Blood, collected by venipuncture and treated with anticoagulant citrate/dextrose solution (National Institutes of Health formula A), was diluted with 2 volumes of Pi/NaCl. To a 50-ml conical plastic centrifuge tube, 10 ml of a mixture containing 12% (wt/vol) Ficoll and 13.6% (wt/vol) Hypaque (density = 1.109 g/cm3) was added. On top of this mixture was layered 10 ml of a mixture containing 6.72% Ficoll and 13.6% Hypaque (density = 1.090). The diluted blood was layered on top and the tube was centrifuged for 30 min at 20'C at 900 x g. The leukocytes at the two interfaces (mononuclear cells and granulocytes, respectively) were collected separately and washed twice with Pi/NaCl. Residual erythrocytes were removed by selective lysis (8) . Final cross-contamination between mononuclear cells and granulocytes was <2%.
Extraction of G6PD. A fragment of frozen tissue was weighed. While still frozen it was minced with a scalpel and then ground in a mortar in liquid nitrogen until a fine powder was obtained. The powder was transferred to a Dounce homogenizer, and 2 ml of swelling solution (10 mM Tris Cl, pH 7.5/3 mM MgCl2/10 mM NaCl/1 mM EDTA/1 mM 6-aminohexanoic acid/10 ALM NADP) was added for each 100 mg of frozen tissue. Suspensions were kept on ice with occasional mixing for 20 min and then homogenized for 5 min at 2000 rpm at 40C in a Sorvall tissue grinder with a tight-fitting Teflon pestle. Triton X-100 was then added to 0.2% final concentration and, after 30 sec, homogenization was carried out again for 10 sec at 2000 rpm. (In preliminary experiments we found that all G6PD was released from tissues by this method.) The suspension then was centrifuged at 2000 x g at 40C for 10 min. G6PD activity and total protein were determined according to Battistuzzi et al. (9) and Bradford (10), respectively. Pellets were used for DNA content determinations (11) . G6PD from leukocytes and from cultured fibroblasts were extracted by a similar procedure, starting with a cell suspension of about 5 x 106 cells per ml in swelling solution.
Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; kb, kilobase(s); H, Hpa II site.
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Proc. NatL Acad Sci USA 82 (1985) DNA Extraction. Frozen fragments of tissue were finely ground in a mortar as for G6PD extraction. The powder then was transferred to a plastic tube containing 10 Aviv and Leder (15) .
Blot-Hybridization Analyses. Electrophoresis of DNA was carried out in TAE buffer (14) and electrophoresis of RNA in Mops/formaldehyde buffer (14) . Blotting of gels and hybridization were carried out as previously described (6) , except that the pH of standard saline citrate solutions (NaCl/Cit) was 6.15. , onto nitrocellulose filters previously equilibrated with 3 x NaCl/Cit. Filters were rinsed with 3 x NaCl/Cit and then baked and hybridized as described for DNA (6) .
Probes. Plasmids pGD3 and pGD1.4 ( Fig. 2 ) have been described (6) . RESULTS G6PD Activity Levels are Tissue-Specific. Data on G6PD levels in rat organs have been known for 30 years (7), but (Inset) Correlation between data for humans (abscissa) and previous data for rodents (ordinate). *, Human vs. rat (7); o, human vs. mouse (7, 18) . Each circle represents one tissue. Data in Inset are given in units/g of wet weight. data on human organs have been few. We have found that in solid tissues the levels of G6PD activity vary over an -10-fold range, being lowest in skeletal muscle and highest in adrenal and brain (Table 1) . In free cells, such as circulating leukocytes, the activity is higher by another order of magnitude; the same is true in cultured fibroblasts (17) . Considerable variability in G6PD activity was observed among samples of the same tissue both in adults and in fetuses (Fig. 1) ; this variability is probably due to a variety of causes, including age and possible pathological changes. However, it is clear that, for each organ, G6PD activity per unit protein is higher in the fetus than in the adult (Fig. 1) . The relative ratios between various organs are roughly similar in fetal life and after birth.
Methylation Patterns of the G6PD Gene Are Tissue-Specific. We previously have shown that the 3' end of G6PD is rich in CpG sequences susceptible to methylation and that, in peripheral blood leukocytes, at least one-half of these sites are methylated, but some specific sites are unmethylated (6) . We now have used the probes pGD3 and pGD1.4 ( Fig. 2) to test what occurs in other tissues. In Southern blots of Hpa fetal muscle (see Fig. 1 ).
tDetermined for only 4 subjects out of 21. II-digested DNA from various tissues, pGD3 hybridizes to either two or three bands [3. 0, 3.2, and 3.4 kilobases (kb) (Fig. 3) ]. The quantitative ratios among these bands vary considerably. Double digestions with Hpa II and BstEII yield bands corresponding to the smaller fragments expected from our restriction map (Fig. 2) . These data indicate that, as in leukocytes, also in other tissues the 3.0-and 3.2-kb Hpa II fragments extend from Hpa II site 20 (H20) to H15 and H14, respectively. The third band at 3.4 kb found in several tissues can be inferred, from the double digestion, to originate similarly from cleavage at H20 and H13. In addition, the quantitative relationships observed in single digests agree with those observed in double digests (Table 2) . In various tissues, unmethylation of H15 ranges from 10%6 to 75%, and that of H14 from 25% to 90%.
Variation in the methylation pattern was even more striking when analyzed with the probe pGD1.4 (Fig. 4) . We have shown previously that the major 6.8-kb Hpa II fragment revealed by this probe in leukocyte DNA arises from cleavage of H36 and H56 (6) , indicating that all intervening sites are fully methylated. With other tissues, we observed additional _-5.7 fiagments of 3.6, 3.3, 3.0, 1.65, and 1.5 kb (Fig. 4 : some additional bands were so faint that they do not appear on the prints of the autoradiography films). Since in all of these tissues Hpa II/Pst I double digests always yield a single band of 0.9 kb (see lane 15 , Fig. 4 .80
Values given are percentages of total signal associated with each fragment on Southern blots, such as those in Figs. 3 and 4 , as measured by densitometry. From repeat experiments, estimated accuracy is ± 10%. Expected (Exp) values were calculated by assuming that the left-side boundaries (see Fig. 2 ) of the fragments obtained in double digests are sites H13-H15. The agreement between Exp and observed (Obs) values confirms that this assumption is correct. In the last two columns, -signs are used because the methylation status of site H14 cannot be assessed for the extent that H15 is unmethylated; similarly for site H13.
order as the relative G6PD activities (Fig. 5 ). When the intensity of the spots was measured by densitometry, the average ratios of the signals are 5.5 for liver to muscle and 7.0 for brain to muscle. These values compare with 2.2 and 6.9 for the respective ratios of enzyme activity (see Table 1 ).
We next investigated whether the extent of methylation of those sites in which it is most variable in turn correlates with G6PD activity in various tissues. The answer was negative with respect to sites H13-H15 (compare Tables 1 and 2 ). On the other hand, there was a striking positive correlation between the proportion of DNA in the 6.8-kb Hpa II fragment seen with probe pGD1.4 and G6PD activity (Fig. 6 ). We conclude that, for this portion of this gene and among the tissues examined, the highest level of expression, found in granulocytes, is associated with full methylation of sites H37-H55.
DISCUSSION
The possible role of DNA methylation in controlling gene expression has been reviewed comprehensively by Cooper (3) , whose conclusions were based almost entirely on data pertaining to differentiation genes. With respect to housekeeping genes, Stein et al. (19) G6PD is an X-linked housekeeping gene and therefore lends itself to an analysis of both ii and iii. With respect to item ii, we have shown previously (6) that in the inactive X chromosome of females, sites H14 and H36 are methylated (see Fig. 2 ). With respect to item iii, we have shown here that G6PD mRNA levels, measured in three tissues by hybridization to a specific probe, are roughly proportional to the enzyme activity levels (Fig. 5) . Thus, although a housekeeping gene is not turned off in any tissue, it appears that it is still susceptible to a transcriptional regulation that can modulate its activity.
If tissue-specific transcriptional regulation does take place, it is possible that methylation of the G6PD gene is involved. We find, indeed, that G6PD DNA from various tissues has different but still specific methylation patterns. The most distinctive differences were observed in a DNA region extending over about 6 kb, straddling the putative transcription termination site (Fig. 2) . In this region we have observed in eight different tissues a striking empirical positive correlation between methylation of CpG sites (H37-H55) and G6PD activity (Fig. 6) . In contrast, for each tissue the patterns observed did not differ between fetus and adult. In a related study, by using partial digestions with Hpa II, Wolf et al. (24) have shown that within the two clusters illustrated in Fig. 2 , hypomethylation is associated with spontaneous or 5-azacytidine-induced G6PD reactivation.
In summary, three main features of methylation have emerged thus far from our analysis of G6PD DNA. First, tissue-specific patterns involve, at different sites, both methylation and nonmethylation. In all tissues, the gene is expressed and five sites are unmethylated; but what correlates with G6PD activity is methylation rather than nonmethylation of sites H37-H55. [A positive correlation between methylation and expression of the H-2K gene has been reported recently in F9 embryonal carcinoma cells differentiating in vitro (25) ]. Second, although the probes available have limited our study to the 3' end of the gene, it is significant that tissue-specific DNA methylation changes are seen in this portion of the gene. This finding is in keeping with other recent data which indicate that sequences responsible for transcriptional regulation may exist at the 3' end of eukaryotic genes (26) . Third, because G6PD is X-linked, we had an opportunity to compare changes in methylation associated with X-inactivation with those associated with tissue-specific modulation. The methylation pattern of G6PD DNA on the inactive X chromosome (6) is different from and simply additive with what has been described here. Thus, the all-ornone control that is characteristic of X-inactivation is associated with changes in methylation that are distinct from those associated with fine control of tissue-specific expression of the same housekeeping gene.
